Introduction
When a fly is buzzing around, the images of the environment constantly flow across its retina. The distribution of motion vectors in the animal's visual field is called 'optic flow' (. Fig. 1, left) . The optic flow contains a wealth of information about the animal's own course and, thus, is used extensively for visual course control. In the fly, visual signals are processed in several consecutive layers of neuropile, the lamina, the medulla, the lobula and the lobula plate (. Fig. 1, center) . As the single most important computation along this way, local motion vectors are calculated by elementary motion detectors. As a result, the optic flow is now represented by something we might call a 'neural flow' . These signals are spatially pooled in the lobula plate by a set of large tangential cells. Tangential cells are often tuned rather specifically to a particular optic flow. Their output can therefore be directly used for compensatory head movements or course correction maneuvers (. Fig. 1, right) .
Elementary motion detection
The fly brain devotes a major part of its neuropil to the processing of the images delivered by its facet eyes. This part, called the 'optic lobe' , is subdivided into several layers called the lamina, the medulla, the lobula and the lobula plate. Built from repetitive columns, these layers represent visual space in a retinotopic way. Using the Golgi method, Ramon y Cajal and Sanchez [12] were the first to describe the anatomy of the fly optic lobe at cellular resolution. A rather complete account was later provided by Strausfeld [61] for the house fly Musca domestica and by Fischbach and Dittrich [25] for the fruit fly Drosophila melanogaster, again using Golgi staining. As it transpired, roughly 100 neurons exist per column, distributed across the different layers. At the level of the lobula plate, a set of large wide-field neurons, so-called tangential cells, pools the output signals from many hundreds of such columnar elements.
The most significant response characteristic of the lobula plate tangential cells is their directional selectivity: if a grating moves in one direction (the cell's preferred direction), the cell depolarizes or fires a train of action potentials. When the grating moves in the opposite direction (the cell's null direction), the cell hyperpolarizes or ceases to fire. In contrast, the photoreceptor signal is non-directional, i.e. a single photoreceptor displays the same response irrespective of whether the grating moves in one or in the opposite direction. Somehow, therefore, a non-directional response at the level of the photoreceptors is transformed into a directional signal at the level of the lobula plate tangential cells. This transformation is described by a particular model, the so-called Reichardt detector, in remarkable detail.
The Reichardt model for elementary motion detection was originally developed from studies of the optomotor response of the beetle Chlorophanus walking tethered on a sphere, surrounded by a periodic pattern [33, 53] . In this mod- Fig. 1 8 Self-motion of the fly creates an optic flow which is fed through the facet eyes onto several layers of neuropil. Within these layers, the distribution of motion vectors (Neural Flow) is calculated by a two-dimensional array of motion detectors. Their output signals impinge onto a set of large tangential cells, each of which is tuned to a particular flow field. The tangential cells control compensatory head movements and the fly's steering maneuvers el (. Fig. 2a ) the signals derived from neighboring photoreceptors become multiplied after one of them has been delayed by a temporal low-pass filter. This operation is performed twice in two mirrorsymmetrical subunits. The output signals of both subunits finally become subtracted leading to a fully directional response. The idea is that a two-dimensional array of such elementary detectors, each having only a small receptive field, covers the whole visual field of the animal. The observed optomotor response is then produced by spatially pooling the output of all these local motion detectors. This model leads to a number of rather counter-intuitive predictions: (1) The response strength should increase with increasing pattern contrast. (2) Unlike a speedometer, the response should reveal a velocity optimum; for velocities beyond this optimum, the response should decrease with increasing velocity. (3) Grating patterns with different spatial wavelengths should have different velocity optima, such that the ratio of the optimal velocity and the spatial wavelength, which has the dimension of a temporal frequency, remains constant.
As already verified in the optomotor response, these properties were also found in the visual responses of lobula plate tangential cells of blowflies [30] and fruit flies [41, 57] . For both species, the optimum temporal frequency lies at around 1 Hz. In contrast to the optomotor response which is inherently slow, recordings in blowflies' tangential cells also allowed for a comparison between the response transients of cellular responses and those of the Reichardt detector. When the velocity of a grating is stepped from zero to a constant value, the Reichardt detector exhibits a transient ringing at the temporal frequency of the pattern motion before settling to a steady state, which could indeed be observed in lobula plate tangential cells of the blowfly [19] . Furthermore, the amplitude of the ringing showed a characteristic time constant by which it decays to a steady state, which was found to depend on the contrast of the moving pattern as well as on the pattern contrast before the onset of motion [41, 55] . These findings lead to an elaborated Reichardt detector with high-pass filters inserted in the crossarms, the time constant of which rapidly adapts [4] . Given these modifications, the Reichardt model can account for both the steady state as well as for all transient response features of the lobula plate tangential cells in a detailed way. This statement applies not only to stimulus situations using velocity steps, but also to Gaussian white-noise velocity profiles. When using such stimuli with different standard deviations, the response exhibited a velocity gain control, i.e. the slope of the responsevelocity function was found to be steeper the smaller the velocity fluctuations [10] . Astonishingly and completely counterintuitively, the Reichardt detector replicates this velocity-gain control without any adaptive properties of its filters [5] . Last but not least, even though tangential cells spatially integrate the output signals of local motion detectors and, thus, should represent their summated output, the signals of individual motion detectors can also be observed experimentally, either when spatial integration is prevented It is built from two mirror-symmetrical subunits each receiving input from adjacent photoreceptors. Within each subunit, the signal from one photoreceptor is delayed by a low-pass filter with time-constant τ and subsequently multiplied (M) with the instantaneous signal from the neighboring photoreceptor. The output signals from both subunits become finally subtracted. b Columnar neurons of the fly optic lobe (compiled from [25] ). Much of today's research on fly motion vision is focused on finding those columnar neurons which correspond to the components defined by the Reichardt detector. c Amongst the different neurons of the fly lamina, L1 and L2 represent the input lines to the motion vision system. They are functionally specialized by splitting the input into an ON- (L1) and an OFF- (L2) signal. Within each of the two pathways, motion is detected in parallel. Thus, the fly possesses two motion detectors per column, one detecting the motion of brightness increments, the other detecting the motion of brightness decrements by presentation of grating motion through a slit, or by local calcium measurements in fine dendritic branches. Both these techniques revealed local signals which have all the characteristics of Reichardt-type local motion detectors [18, 30, 60] . All of the above represents overwhelming evidence that the lobula plate tangential cells of flies receive input from arrays of Reichardt-type local motion detectors. However, the small size of the columnar elements in the optic lobe (. Fig. 2b ) made it difficult to record from them and, thus, to determine which of the many cells take part in the neural circuitry implementing this algorithm. This situation has changed recently, largely due to the wide armory of genetic tools available for Drosophila (for a review see [6] ). Briefly, the Gal4-UAS system [9] allows targeting expression of a given effector gene to a genetically defined subset of neurons. The effector gene may be a genetically encoded calcium indicator to allow for optical recording from them [54] , a large-conductance K-channel to hyperpolarize them [43] or a mutated, dominant-negative allele of the dynaminencoding gene shibire to suppress transmitter release from these neurons [46] . Combining these techniques with wholecell patch recording from the lobula plate tangential cells proved to be a powerful approach leading to the identification of the neurons providing input to as well as output from the Reichardt detector.
In the lamina, the photoreceptors synapse onto five different lamina neurons, either directly or indirectly [50] . In order to decide which of these lamina neurons feed into the motion detection circuit, tangential cell responses were recorded in Drosophila while the chemical transmitter release from L1 or L2-cells was genetically blocked by cell-specific expression of shibire [42] . Blocking the output from either L1 or L2 led to reduced but still significant responses to drifting gratings; blocking the output of both L1 and L2 completely abolished any motion response in the lobula plate tangential cells. While this indicated that L1 and L2 constitute the major input lines to the motion detection circuit, in line with previous behavioral studies [56] , no functional specialization of L1 and L2 seemed obvious at first. However, using moving edges with opposite polarities instead of gratings revealed that, much like in the vertebrate retina, L1 feeds into an ON-and L2 into an OFF-pathway. Blocking L1 completely and selectively abolished the response to drifting ON-edges, and blocking L2 erased the response to drifting OFF-edges. Another study, using a behavioral read-out instead of tangential cell responses, applied a balanced motion stimulus consisting of an ON-edge drifting in one and an OFFedge drifting in the opposite direction: flies with a blocked output from L1 followed the motion of the OFF-edge, flies with a blocked output from L2 followed the motion of the ON-edge, while control flies did not turn at all on average [14] .
The above findings demonstrate that in the fly the photoreceptor signal from R1-6 is split in the lamina into separate ON-and OFF-pathways, carried by L1-and L2-cells, respectively (. Fig. 2c ). This is analogous to the vertebrate retina where cone photoreceptors contact ON and OFF bipolar cells in parallel (see [23] ). However, in the vertebrate retina the split is implemented by different types of glutamate receptors in ON and OFF bipolar cells so that light depolarizes ON bipolar cells and hyperpolarizes OFF bipolar cells, whereas in the fly the dendritic membrane response to light is identical in L1 and L2 and consists of a transient hyperpolarization at the beginning and a rebound excitation at the end of a light pulse. Thus, the selectivity of each pathway for light increments and decrements seems to originate either in the axon terminal, as shown for L2 by Ca 2+ imaging [54] , or further downstream in postsynaptic neurons.
An interesting question arising from the finding about the splitting of the input into ON and OFF pathways concerns the number of motion detector subtypes at work in the fly brain: Do four different detectors exist, one for each stimulus combination (ON-ON, OFF-OFF, ON-OFF, OFF-ON), or only two detectors (ON-ON, OFF-OFF)? The most intuitive experiment to investigate this is the use of apparent motion stimuli where the luminance in two adjacent bars is stepped sequentially from an intermediate level, which is also present in the surround, to either a high (ON-Step) or low (OFF-Step) level. Applying such stimuli Abstract Optic flow-based navigation has been studied extensively in flies, both in tethered as well as in freely flying animals. As neural control elements, the tangential cells of the lobula plate seem to play a key role: they are sensitive to visual motion, have large receptive fields, and, with their spatial distribution of preferred directions, match the optic flow as elicited during certain types of flight maneuvers. However, the neural circuit presynaptic to the tangential cells responsible for extracting the direction of motion locally has long escaped investigation, due to the small size of the participating neurons. Recent progress was made here by combining genetic silencing of candidate neurons with whole-cell patch recording from tangential cells in Drosophila. This approach led to the identification of lamina neurons L1 and L2 providing the input signals to two parallel motion detection circuits, specialized for brightness increments (L1, ON-pathway) and decrements (L2, OFF-pathway), respectively.
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Insects · Optic flow · Motion vision · Neural information processing · Course control to blowflies and fruit flies, various studies consistently found positive responses to ON-ON and OFF-OFF sequences and negative responses to ON-OFF and OFF-ON sequences, either at the level of lobula plate tangential cells or in a behavioral assay [14, 20, 21, 65] . While these findings seem to clearly indicate the existence of four detector subtypes, careful quantitative modeling including the peripheral filter stages revealed that responses to mixed luminance steps can also be obtained from only two detectors (ON-ON and OFF-OFF), if some residual information about the average luminance level is preserved at the motion detector input. Using a more selective stimulus sequence consisting of brief luminance pulses instead of steps led to responses to pulse sequences of same sign only, ruling out the existence of mixed-sign motion detectors [21] . The above findings made it possible to identify the neurons providing the input to the motion detection circuits. They also revealed that the single multiplication defined in the algorithmic model is neuronally implemented by two separate non-linearities, one dealing with positive, and one dealing with negative input signals only, leading to two parallel motion detection pathways (. Fig. 2c) . But what about the output lines of the motion detector? Which are the neurons in the fly optic lobe carrying these signals onto the tangential cells of the lobula plate?
First of all, it was demonstrated that Drosophila tangential cells receive excitatory and inhibitory input from local motion sensitive elements with opposite preferred direction [41] . This was done by injecting depolarizing and hyperpolarizing current into the tangential cell during motion stimulation in the preferred and null direction: When depolarizing current is injected, the preferred direction response becomes smaller and the null direction response larger. During injection of hyperpolarizing current, the preferred direction response becomes larger and the null direction smaller. This can only be explained by assuming two synaptic inputs with reversal potentials above and below the resting potential of the cell. Thus, the depolarizing and hyperpolarizing current injection reduce the driving force for one while increasing it for the other. These results suggest that the subtraction stage in the Reichardt detector is within the tangential cells' dendrites. Earlier experiments on blowfly tangential cells arrived at similar conclusions [2] .
But which neurons represent these excitatory and inhibitory input elements to the lobula plate tangential cells? For a number of reasons, bushy T-cells have long been the prime candidates for providing input to the lobula plate tangential cells [25, 61] . T4-cells exist in four different subtypes per column, each of which ramify in the most proximal layer of the medulla and connects it to one of four different strata of the lobula plate (. Fig. 3a) . In a similar way, also for T5-cells, four subtypes per column are found connecting the posterior most layer of the lobula to one of the four strata of the lobula plate. Following extended stimulation by moving gratings, Buchner et al. [11] found strong 2-deoxy-glucose labeling in one of the four layers in the lobula plate depending on the particular direction of the motion stimulus. The direction of motion which activates a specific stratum, as labeled using the 2-deoxyglucose method, matches the preferred direction of those tangential cells extending their dendrite in that stratum. In addition to the lobula plate, 2-deoxy-glucose labeling was highest in the most proximal layer of the medulla, where T4-cells ramify, and in the posterior most layer of the lobula, where T5-cells extend their branches [1, 11] . Finally, an electron microscopy study in the blowfly has shown unequivocally a chemical synapse between an HScell dendrite and a columnar T4-cell [63] . Because of their small size, however, the visual response properties of T4-and T5-cells have only been studied in an anecdotal way: the few successful recordings showed that T5-cells reveal a fully directionally response, whereas T4-cells are directionally unselective [16, 17] . However, there was no final proof that, indeed, T4-and T5-cells provide the directionally selective input to the tangential cells.
This proof was provided most recently in a study on Drosophila making use of a Gal4 driver line selective for T4-and T5-cells (. Fig. 3b ). As done for identifying L1 and L2 as the input neurons to the motion detection circuit, this driver line was used to selectively block T4-and T5-cells while simultaneously recording the motion response in the lobula plate tangential cells via a somatic whole-cell patch. In the example shown in . Fig. 3c,d , an inward rectifying K-channel (KIR, [43] ) was expressed in T4-and T5-cells to clamp the affected neurons to their resting potential. This was combined with expression of a temperature sensitive inhibitor of Gal4, called Gal80 [64] . At room temperature, Gal80 suppresses the action of Gal4 and no KIR channel is expressed. Under these conditions, a normal depolarizing response to preferred direction motion and a hyperpolarizing response to null direction motion is observed [. Fig. 3c , no temperature shift (TS), upper trace]. If, however, flies are exposed to a temperature shift 2 days before the experiment, no directionally selective response is recorded any more (. Fig. 3c , after TS, lower trace). This result (average shown in . Fig. 3d ) clearly indicates that T4-and T5-cells represent the directional input to the lobula plate tangential cells [58] .
Taken together with the evidence of the pathways leading from L1 to T4-and from L2 to T5-cells, respectively, the current view is that in the fly, two separate motion detection systems operate in parallel, one analyzing the movement of light increments and the other the movement of light decrements. Both pathways converge again at the dendrites of the lobula plate tangential cells endowing them with information about the local direction of motion at each retinal position.
Global optic-flow analysis in the lobula plate
Local motion detection constitutes the first step in optic flow analysis by providing the nervous system with a vector field as represented by the output signals from the retinotopic array of Reichardt-type motion detectors. This optic flow information is now processed within the lobula plate by the so-called tangential cells. All these cells have large dendrites by which they spatially integrate over various subpopulations of local motion detectors. According to their overall preferred direction, they are grouped into horizontal (H) and vertical (V) cells, respectively (for a review see [7] ). Cells of the horizontal system have their dendrites ramify in the anterior layer of the lobula plate. The best studied representatives of this group are the three HS-cells (blowfly Calliphora: [34, 35] ; fruit fly Drosophila: [57, 59] ), The vertical system comprises 10 VS-cells [38, 39] in large fly species and at least six VScells in Drosophila [41, 59] . VS-cells orient their dendrites along the dorso-ventral axis in the posterior layer of the lobula plate. VS-cells are numbered sequentially according to the location of their dendrite from most lateral to proximal.
According to the retinotopic layout of the lobula plate, the location of a cell's dendrite within the lobula plate is a good predictor of its receptive field center. Thus, the three HS-cells which cover the lobula plate in the northern (HSN), equatorial (HSE) and southern (HSS) part have their receptive field centers in the dorsal, middle and ventral part of the fly's visual field. Even within the dendrite of a single cell, the retinotopic arrangement of the lobula plate becomes evident when local motion stimuli are presented at different positions within the receptive field while visualizing dendritic activity via calcium imaging [3] . However, when investigating the receptive fields of lobula plate tangential cells of the blowfly in detail, Krapp and colleagues [47, 48] discovered that the receptive fields extend over a much larger area along the azimuth than expected from their dendritic field within the lobula plate. Furthermore, they found that the receptive fields are composed of areas with different preferred directions. This property is shown in . Fig. 4a for three different VS-cells by the location and direction of the arrows. The receptive fields of VS cells exhibit maximum sensitivity to downward motion that goes along with their location within the lobula plate. In addition they are sensitive to horizontal motion in the dorsal part of the visual field as well as to upward motion at a po- sition about 180° displaced along the azimuth. All in all, the receptive fields have the appearance of curled vector fields such as an optic flow occurring when the animal rotates around a particular body axis. With each cell having a different receptive field, this finding gave rise to the notion that the tangential cells could act as matched filters, responding maximally during certain maneuvers of the fly [26] . This could indeed be confirmed experimentally [45] . While this observation puts the lobula plate tangential cells on center stage for visual course control, the question remains as to how these receptive fields come about. If acting in isolation and strictly in parallel, the receptive fields of all these cells should be much narrower. In addition, their EMD input is expected to have a more or less uniform preferred direction given that most of the cells ramify within one layer of the lobula plate only. A solution to this problem was provided by a series of experiments where the signals of two tangential cells were recorded simultaneously. In these experiments current was injected in one of the cells while the response to the current injection was recorded in the respective other cell [31] . These and other experiments revealed an intriguing network within the lobula plate (. Fig. 4b ) with most of the tangential cells being connected to each other, within each hemisphere as well as between the two hemispheres (for a review see [7] ). Many of these connections are based on electrical rather than chemical synapses. This connectivity was hypothesized to account for the large and complex receptive fields: while one part of the receptive field would be brought into the cell via its dendrite, additional information should arrive at the cell indirectly via its neighbors. Therefore, ablating certain cells within the lobula plate should affect the receptive fields of the remaining ones.
Performing such experiments via singlecell photo ablation in blowflies indeed revealed defective receptive fields in the remaining cells [24] as correctly predicted by detailed computer simulations of the lobula plate network [15] . These computer simulations furthermore predicted that, based on the electrical compartmentalization of VS-cells and the specific contact site between neighboring VS-cells at the axon terminal, different receptive fields should be observable in the dendrite and in the axon terminal [15] . This prediction could indeed be confirmed by calcium imaging experiments [22] . Furthermore, using all available data on the connectivity between 22 tangential cells of the blowfly lobula plate in each hemisphere, a recent large-scale simulation arrived at receptive fields which closely resembled their counterparts in the fly [8] . In summary, thus, there is a lot of experimental evidence that the receptive fields of the lobula plate tangential cells come about by dendritic integration of local, motion-sensitive input elements plus the connectivity of the tangential cells amongst themselves within each lobula plate and between both hemispheres. Obviously, much of optic flow analysis is already done at the level of the lobula plate. In the next step towards flight control, lobula plate tangential cells synapse onto descending neurons that either connect to the motor centers in the thoracic ganglion or directly innervate the neck muscles for head motion control [28, 51, 62, 40] . As two representatives of such neurons, DNOVS1 and DNOVS2 (short for descending neurons of the ocellar and vertical system) have been recently examined in great detail [32, 66, 67] . Using current injection during dual intracellular recording from DNOVS-cells and various VS-cells, their connectivity to VScells was established. It appeared that the two DNOVS-cells are tuned to two different axes of rotation similar to the tuning of their input VS-cells [67] . Also, the tuning width of DNOVS-cells turned out to be similar to the ones of their input VScells. However, during rotation of naturalistic images the responses of DNOVS-cells are rather smooth, whereas the signals of VS-cells strongly fluctuate over time. This effect can be attributed to the axo-axonal gap junctions between the VS-cell terminals which perform a linear interpolation of the output signals [15, 22] and which become fully visible in the membrane potential of the postsynaptic cells. Therefore, it is not the selectivity for particular optic flows that increases when going from the lobula plate to descending neurons, but rather the robustness of the responses against the particular layout of the visual environment. Of course, the small number of descending neurons which have been studied in such detail does not allow for any generalization at present.
All the above properties make tangential cells ideal candidates for the neural control of the optomotor response. Indeed, when tangential cells were ablated surgically or via gene mutation, the corresponding optomotor response was found to be severely impaired [27, 36, 37] . However, for technical reasons, the above ablation studies always affected a large and ill-defined group of tangential cells: so far, the effect of ablating or silencing a single tangential cell on the torque response of tethered animals has never been measured. One point casting serious doubt on the role of tangential cells in the control of the optomotor response was the fact that optomotor responses in blowflies and fruit flies had a significantly higher temporal frequency optimum than was found in tangential cells: since information about the temporal frequency of the stimulus is lost after spatial pooling, this could not be remedied by some sort of post-processing. However, recent studies revealed that the tangential cells, when measured in tethered walking or flying animals, undergo a pronounced change in their response properties: not only do they increase their spontaneous activity and overall response amplitude [49] , they also shift their temporal frequency optimum towards higher values (. Fig. 4c , [13, 44] ). Mechanistically, this can be explained by the release of octopamine shortening the time constant of the delay filter in the elementary motion detector [44] . It should be noted, however, that while the above findings remove a discrepancy between the response properties of tangential cells and the optomotor response, evidence for tangential cells controlling the optomotor response is still correlational in nature.
Conclusions
Visual course control has now been studied in flies for almost half a century, and despite a lot of progress, there seems to be no end in sight. Current excitement about this problem is certainly focused on Drosophila, both with respect to unraveling the neural circuits underlying motion detection, as well as with the circuits controlling various behavioral components. Here, the combination of advanced genetics with electrophysiology, calcium imaging and sophisticated, quantitative behavioral measurements will certainly provide a huge push forward in our understanding of the neural basis of fly visual course control. e-Neuroforum 3 · 2012 |
